The idea of using secondary cosmic muons to scan the internal structure of a given body has known significant developments since the first archaeological application by Alvarez and collaborators on the Gizah pyramids. Recent applications cover the fields of volcanology, hydrology, civil engineering, mining, archaeology etc. Muon radiography features are essentially identical to those of medical X-ray imaging techniques. It is a contrast densitometry method using the screening effect of the body under study on the natural flux of cosmic muons. This technique is non-invasive and complements the standard geophysical techniques, e.g. electrical tomography or gravimetry. It may be applied to a large variety of geological targets, among which the domes of active volcanoes. In this context muon tomography presents the noticeable advantage to perform measurements of large volumes, with a large aperture, from a distant point, far from the potentially dangerous zones. It may continue data taking even in situations where local measurements are impossible to undertake. The same conclusions apply regarding the monitoring of the volcano's activity since muon tomography provides continuous data taking, provided the muon detectors are sufficiently well designed and autonomous. Recent measurements on La Soufrière of Guadeloupe (Lesser Antilles, France) show, over a one year period, large modulations of the crossing muon flux, correlated with an increase of the activity in the dome. In order to firmly establish the sensitivity of the method and of our detectors and to disentangle the effects on the muon flux modulations induced by the volcano's hydrothermal system from those induced by other sources, e.g. atmospheric temperature and pressure, we perform a dedicated calibration experiment inside a water tower tank. We show how the method is fully capable of dynamically following fast variations in the density.
Introduction
Measuring the density temporal evolution of large geological structures is of major importance in many domains of Earth sciences. Gravimeter is the most commonly used instrument to perform this task. Scientists use them for various applications such as monitoring volcanoes (Budetta 1997 , Bonvalot 1998 or hydrological systems activities (Sugihara 2008) , observing the gas production of hydrocarbon reservoirs (Alnes 2008) and measuring the post-glacial rebound (Lambert 2006) . However gravimetry suffers from a few drawbacks: relative gravimeters have an important -non necessarily linear -instrumental drift, measurements are difficult to make because of their high sensitivity to little mechanical perturbations (wind, vibrations ...) and thus are generally spatially scarce, and finally the gravimetric inverse problem strong non-uniquess (Parker 1977 ) makes the final interpretation uneasy.
Muon tomography is a recent method that allows to recover the density distribution inside rock volumes at kilometre scale by measuring their screening effect on the natural cosmic muons flux crossing rocks. It was first used in 1968 for archaeological purposes with inconclusive results (Alvarez 1970) and recently rediscovered thanks to the electronics progress (Nagamine 1995 , Tanaka 2001 , Tanaka 2005 , Lesparre 2012 , Marteau 2014 . Temporal density changes give rise to muon flux fluctuations which makes muon tomography a potential alternative to gravimetry. Precursor work can be found in the civil engineering domain (Kodama 1979) where the authors recover a snow level from buried detectors (it was performed with cosmic neutrons, these particles have a weaker penetrating power than muons). More recently Tanaka and collaborators (Tanaka 2014) showed muon tomography could monitor a volcanic eruption.
With this work we want to compensate for the lack of papers about the technique methodological issues. After recalling the muon tomography principles and main equations we discuss the statistical feasibility of monitoring muon flux changes. For this purpose we extend the tomography feasibility formula of Lesparre and collaborators to our current problematic. We list and evaluate the impact on our measurement of all the time fluctuating sources exterior to the body of interest. Finally we confront these theoretical aspects to the so-called SHADOW experiment which consists in monitoring the muon flux across a water tower tank. The water level being measured with a standard gauge, it provides a good insight of the achievable sensitivity and the observable fluctuations amplitudes with muon tomography.
Muon tomography
Muon tomography benefits from the muons small crosssection in ordinary matter. The most energetic of them X -2 JOURDE ET AL.: THE SHADOW EXPERIMENT can cross up to kilometres of rock along straight trajectories making them a proper tool to scan geological structures (for a report on recent activities see Marteau 2012) . Our instrument is made of three aligned scintillator detection matrices. A picture of the muon telescope used during this experiment is displayed in Fig. 1 . Each one of them contains 16 × 16 pixels allowing us to discriminate up to 31×31 different particle trajectories. We can adjust the distance between the front and the rear matrices 2 × L to adjust the solid angle encompassed by the instrument. Details may be found in (Lesparre 2012a , Jourde 2013 . Figure 1 . Picture of the muons telescope used in the SHADOW experiment during open-sky calibration phase. The three detection planes are horizontal. The calibration gives access to the experimental acceptance and allows to measure the timing parameters for the timeof-flight measurements. The control box embedding a mini-PC, a common clock distribution system, a network switch was fixed on the metallic structure during the run.
The number of detected particles N on a given subset E of the telescope observation axes (it may be interesting to cumulate data from different axes to get a better signal to noise ratio but it also means losing in spatial resolution) during T seconds reads :
where φE [s −1 ] is the measured particles flux. It corresponds to an integration on the unity sphere (which elementary unit is dΩ and (ϕ, θ) are the azimut and zenith angles referenced at the telescope position), PE [cm 2 .sr] is the selected axes acceptance pattern, and δφ [s −1 .cm −2 .sr −1 ] the muons differential flux that reaches the instrument. δφ depends both on the open sky differential flux δφ( = 0, ϕ, θ) and on the muons absorption law inside matter. These are determined through experiments (e.g. Sagisaka et al 1986 , Ambrosio et al 1997 , Motoki et al 2003 , Tilav et al 2009 , Adamson et al 2010 and references in Hebbeker et al 2001 , theoretical works (e.g. Tang et al 2006) or thanks to MonteCarlo simulations (Corsika 1998 , CRY 2007 , MUSIC 2009 ) depending on the precision expected and the available information. For a fixed observation sight δφ is attenuated by the scanned material opacity [m.w.e.] which is the density line integral along the ray path :
where ρ is the material local density and ξ is the distance integration variable along the ray r. More details about these aspects can be found in , Lesparre 2012 , Jourde 2013 ).
The experimental setup
The SHADOW experiment is schematically represented on Fig. 2 . Between the end of November 2014 and the beginning of February 2015 we placed a muon telescope below the tank of a domestic water-tower. A picture of the muon telescope used during this experiment is displayed in Fig. 1 . Figure 2 . Scheme of the SHADOW experiment. The three yellow rectangles are the detection matrices, the red dotted lines encompass the detection solid angle and the blue surface represents the tank water volume.
The water tower tank is located in Tignieu-Jameyzieu, France, a village at 20 kilometres East from Lyon (altitude 230 m, XUT M = 31 669490, YUT M = 5067355). The telescope is placed inside the tower, below the water tank, close to the center of the tower. It points vertically toward the reservoir so that the apparent opacity is only function of the zenith angle (azimuthal invariance) and of time when the water level h(t) is changing. The distance between the front and the rear matrices is set at 195.0 cm so that even the most inclined telescope rays pass through the water.
The data taking extended over a large ∼ three months period and we were lucky to observe two different activity periods of the water-tower. During the three first weeks the water height h(t) was almost constant and fixed to its maximal value h0 = 5.0 m. We use this sub-dataset to calibrate the telescope acceptance PE and the atmospheric pressure corrections (see section 2.2 and Fig. 6 ). In a second phase the water height showed large fluctuations (see Fig. 8 ) and allows to measure the dynamical response of the detector to such fast and large variations (the relative dispersion in the average densityρ, δρ ρ , amounts to roughly 10%).
Temporal monitoring feasibility and limits

Statistical limits
Let us assume we detect N0 particles during T0 seconds. The question is, can we observe a particle flux fluctuation of α percent between two independent time subsets {1; 2} of equal duration T0/2 ? Let's notice ∆N = N2 − N1 the particle flux fluctuation. The average particle flux fluctuation probability distribution S∆N obeys to a Skellam law (it is the difference of two Poissonian law of parameters N2 and N1). In case of N2 > N1, we can observe the fluctuation with a β precision if
When the inequality (3a) becomes an equality we get T0 = Tmin, the minimum acquisition time to observe a flux temporal fluctuation given by the following set of parameters (φ0, α, β). With α fixed, Tmin is the best time resolution achievable to observe temporal fluctuations larger than α.
With Tmin fixed we get α the best fluctuations amplitude resolution achievable on a time-scale larger than Tmin. . Minimum acquisition time Tmin as a function of the averaged measured flux φ0 to detect an α fluctuation with a 2σ precision. The straight and dotted lines are the iso-α curves computed with respectively eq. (3a) and the approximation from eq. (4b) . The arrows delimit the SHADOW and volcanic experiments typical accessible ranges (the horizontal limit is the experiment whole duration and the vertical limit the maximum flux achievable regrouping all the observation axes). The crosses (blue and black respectively in the volcano tomography case and the SHADOW experiment) represent potential sources of particles flux variations. Their coordinates depend on the flux fluctuations amplitude α and their typical period Tmin.
Note that if (N1, N2)
10 the Poisson laws can be approximated with Gaussians and eq. (3a) is simplified to :
where β = erf(γ).
We numerically compute Tmin from eq. (3a) and represent it on Fig. 3 . Observe that the approximation (4b) is sufficient for our range of applications. It starts to underestimate Tmin when α 0.5 which implies N0 ≈ 20. For example a α = 2% amplitude fluctuation occurring on a daily time-scale (note that this is typically what we have for the water-tank fluctuations, see the black water-tank cross on Fig. 3 ) needs an average flux φ0 > 2 s −1 to be detected. The Fig. 3 black arrow delimits the SHADOW experiment region where fluctuations can be measured. The horizontal arrow is limited by the experiment acquisition total duration and the vertical one by the maximum measurable flux. Note that the the water-tank arrow is located in the SHADOW feasibility region. We also report on Fig. 3 the volcano typical feasibility region, delimited by the dark blue arrow. Note that for these experiments we have a longer acquisition time but a weaker measurable flux as the averaging opacity facing the telescope is usually bigger than for the SHADOW experiment (about 1000 m.w.e. for a volcanic dome versus 5 m.w.e. for the water-tank).
We can put eq. (3a) into a tomography context replacing the flux fluctuations by opacity fluctuations :
and now injecting eq. (5b-5c) inside eq. (4a) we get :
where Tmin is a function of 0 the average opacity, κ the opacity fluctuation ratio, θ the observation zenith angle, and P the acceptance pattern of the chosen subset of observation axes. Note that the feasibility formula from ) is eq. (6) first order development. The results are plotted on Fig. 4 . In the SHADOW experiment we have an average opacity 0 ≈ 5 m.w.e and expect κ ≈ 10%. According to the figure Tmin > 1 day is necessary to observe such fluctuations, which is compatible with the water-tank monitoring (see Fig. 8 ). Of course the monitoring resolution can be improved if prior information about the fluctuations is available.
Exterior sources of temporal fluctuations
Exterior sources of muon flux temporal fluctuations must be carefully taken into account and isolated to recover the scanned body signal. Muons result from the interaction with our atmosphere of extra-terrestrial particles -mainly protons, the so-called primary cosmics -. Those primary particles energy range is extremely wide as we have been detecting protons of the GeV scale up to 10 20 GeV. However considering our telescope acceptance (around 10 cm 2 .sr) and the typical acquisition time of a muon tomography experiment (a few months) it is unrealistic to consider muons issued from primary particles more energetic than 10 5 GeV, since the primary particles spectrum decreases quickly as a power law, typically ∼ E −2.7 . The low energy part of the primary flux (up to 4 Gev) is mostly coming from the sun (for a complete review, see the Review of Particle Physics, Olive 2014). It is modulated by the 11 years solar cycle and the solar storms. The solar cycle is too slow to be detected by a muon tomography experiment and in any case the muons produced by the low energy protons are stopped by the scanned geological body. Indeed a muon roughly loses 0.25 GeV.mwe −1 , so a 16 m water column absorbs almost all muons issued from solar particle interaction chains.
The muon flux for a muon tomography application is mainly modulated by the atmospheric conditions. We usually divide the induced fluctuations on the flux into two terms (Yanchukovsky 2007) :
high altitude contribution
In the preceeding equation, the left term represents the relative fluctuation of measured flux for a given apparent opacity (which sets an energy threshold for the incoming muons), a given observation height x0 and zenith angle θ. The rhs part of the equation includes the barometric dependence of the flux ("surface" contribution) and the effect of the primary particle first interaction altitude ("high altitude" contribution).
Surface contribution
The first term of eq. (7) . Indeed a pressure increase results into a thicker atmosphere to pass through for the muons. This acts as an energy filter. There is no need to measure the pressure higher in the atmosphere to model this effect as the air density is higher close to the Earth surface.
The water tank used in this experiment is actually located close (less than 5 km) to the Lyon international airport which performs regular atmospheric pressure measurements. We correlated data from the airport with local available measurements (but less regular) and see no difference relevant in our case (Fig. 5) .
We therefore adopt the airport data set as our reference data set. We show in Fig. 6 the measured centred muons flux in coincidence with the normalized and centred atmospheric pressure. Our measurements are consistent with previous experimental and theoretical works. We expect βP ≈ 0.001 hPa −1 (e.g. Sagisaka 1986 , Motoki et al 2003 for the SHADOW experiment and measure βP = 0.0014 ± 0.0001 hPa −1 . We would expect a barometric parameter βP ≈ 10
for a typical volcano muon tomography experiment.
High altitude contribution
The last term of eq. (7) expresses the muon flux fluctuations dependence on the high energy muons production rate, a few interaction lengths after the primary first interaction, slightly below the stratosphere-troposphere transition. The effective temperature T ef f [K], a weighted average of the atmosphere temperature (the weights are tuned to emphasize the altitudes where the high energy muons production is the most probable), is a well suited parameter to reflect those changes (Barrett et al 1952) . The seasonal atmospheric climatic changes produce the main and most significant changes in T ef f (Motoki et al 2003 , Tilav et al 2009 , Adamson et al 2010 , so only acquisitions longer than a few months may be sensitive to such changes. ∆φ/ φ is positively correlated to T ef f via the parameter αT . Indeed an increase in temperature results in a density decrease and thus a weaker probability for pions and kaons to interact with the atmosphere nuclei and a stronger probability for them to decay into muons.
In the case of the present SHADOW experiment, this effect is negligible. Indeed the apparent opacity is shallow so we mostly detect low energy particles and the related α is very small (the T ef f effect is reported on Fig. 3 ). Moreover T ef f variations are small on the whole data-taking which extended over two months. On the contrary, for geological muon tomography applications, the apparent opacity is large and the T ef f effect needs to be considered. In the special case of the Soufrière of Guadeloupe however, the site being located near the equator where seasonal effects are small, the T ef f variations may be negligible for our problem.
SHADOW experimental results
In this Section we present the results obtained over our entire run, from November 26 th , 2014 to February 15 th , 2015. The complete autonomy of the detector allows a continuous data taking, without any on-site shift and only two short remote interventions.
The water level is permanently monitored by the company in charge of the water tank (Syndicat Intercommunal des Eaux de Pont-de-Chéruy our SIEPC). The level is measured by a standard gauge at the percent precision level, with a period of 5 minutes. Data were kindly shared by the SIEPC company. Fig. 8 displays, as a function of time, the monitored water level (green curve), and the measured muons flux without (light blue) and with barometric correction (dark blue). As previously discussed, at the beginning of the data taking, the water level was almost constant with a reference maximal height of 4.96m. Significant changes in the water level (10% relative change in the maximal height) occur from December 21 st , 2014 on. This first period is used as a reference to measure the barometric parameter as discussed in the previous Section. It was a real (and lucky) opportunity to set the scales of the various corrections to be applied.
After this first data taking period, regular water level variations occurred, up to 50% relative change in the maximal height. The muons data show a clear anti-correlation as expected between the water level and the measured flux, clearly connected to the muons absorption inside the water target. The anti-correlation parameter is extracted from a fit of the relative flux variation ∆Φ0/ Φ0 versus the relative height ∆h. The result is displayed in Fig. 7 . As expected the atmospheric pressure corrections gather all data points around the linear fit curve.
The experiment shows also the ability of the system to follow dynamically the change in opacity. The maximal transfer speed may be extracted from the data. This conclusion is relevant in the volcanologic context with tropical volcanoes submitted to intensive rains.
Conclusion
Muon tomography is entering an era of precision measurements not only for structural imaging but also for dynamical monitoring purposes. Indeed tropical volcanoes, such as la Soufrière de Guadeloupe in the Lesser Antilles, undergo heavy and regular rains. Their hydrothermal systems are therefore potentially subject to large variations and this is potentially correlated to the fumaroles activity. The integrated water content results in a varying opacity and this induces directly a change in the measured muon flux.
The Diaphane project started to install muon telescopes on the slopes of La Soufrière in 2010 and performed several radiographies of the dome from different view points. Recently the collaboration brought out a significant change in the measured flux of the muons crossing the dome. It was decided to conduct a methodological experiment to assess the sensitivity of the procedure in detecting changes in the water content of a given target.
We installed a muon telescope inside a water tank tower and recorded for three months the muons crossing from a direction close to the zenith, in correlation with the water level measured by a standard gauge. We show in the article that the correlation is indeed excellent and that the muon telescopes are perfectly suited to follow a few percents variations in the opacity. The time response of the system is also studied in the present experimental conditions and is shown to be as fast as XXX given the relatively high muons statistics. The present experiment allowed also to study the impact of atmospheric corrections. The main contributions are the barometric corrections, which are well reproduced by a linear law between the relative flux and the atmospheric pressure. Effects linked to the altitude of particles production may affect the more energetic component of the cosmics flux and are therefore not relevant in the present study.
In conclusion the present methodological experiment demonstrated the capability of the muon tomography procedure for monitoring experiments, relevant in the context of the volcanic domes activity.
